In this work we attempt to predict the work of separation of crosslinked diglycidyl ether of bisphenol (A) (DGEBA) adhesive confined between two rigid adherends. To this end we start from merely the molecular structure of DGEBA and coarse grain the molecule into a chain comprised of three superatoms. These three superatom structures are then allowed to crosslink (based on the attainment of a minimum distance of approach) with a coarse grained crosslinker molecule in a Molecular Dynamics (MD) simulation. The crosslinked samples, confined between rigid walls and subjected to slab boundary conditions are pulled apart at a high rate of strain to complete separation. The energy expended in causing complete separation is compared with Linear Elastic Fracture Mechanics estimates and experimental determinations of the work of separation. Our predictions of the value of the work of separation, obtained from only a description of the molecular architecture of DGEBA and the crosslinker molecule, falls within the range of scatter in the experimental measurements.
Introduction
Predicting macroscopic properties of a polymer starting from a description of its molecular architecture is a long standing scientific goal. The problem however, involves a large variety of length and time scales. The range of length scales span a wide spectrum from 0.1 nm which is a typical bond length, to the scale at which typical mechanical tests are conducted i.e. tens of millimeters. Kuhn lengths for typical polymers are of the order of 1 nm for randomly coiled chains and typical radii of gyration of polymer chains at realistic molecular weights are of the order of 10 nm. Time scales too range from 1 fs, the vibration time period for individual bonds to several seconds, the typical relaxation times for commercial polymers. The fact that the structure and dynamics is governed by such a wide spectrum of time and length scales makes multiscale simulation of these materials especially difficult (Theodorou, 2004) .
Atomistically detailed simulations with a view to obtaining macroscopic and in particular, mechanical properties of macromolecular systems have been conducted by several researchers. These include, among others, simulations of stress strain response of glassy polymers by Brown and Clarke (1991) , Ogura and Yamomato (1995) , Capaldi et al. (2002) , Yashiro et al. (2003) , Negi and Basu (2006) , Lyulin and Michels (2006) ; viscoelastic properties by Weiner and Gao (1994) ; adhesive properties by Stevens (2001) , Rottler and Robbins (2003) and Kulmi and Basu (2006) . The simulation studies mentioned above use force field models of basically two types. A large body of literature exists on polyethylene (PE)-like models where a 'united atom' represents a -CH 2 -unit each of which interacts with bond stretching, bending and torsions potential with four of its bonded neighbours and through the Lenard Jones (LJ) potential with the rest. The parameters for the force fields are obtained from ab initio calculations on n-butane as in typical calculations by Steele (1985) . Similar models obtained by absorbing the hydrogens into united atoms have been proposed for more complicated molecules like polystyrene (see, Mondello et al. 1994) and used in MD studies to predict mechanical properties by Lyulin and Michels (2006) . Some investigators have used the 'bead spring model' following Kremer and Grest (1995) that uses a finite extensible non linear spring (FENE) bond potential preventing crossing of chains in conjunction with a purely repulsive LJ potential of non bonded interactions. This produces flexible macromolecular chains which can rotationally be stiffened by the addition of bending and torsion potentials (see, Bulacu and van der Giessen, 2005) . Both models, in order to be used for a particular macromolecular system need to use parameters that are obtained from lower level simulations.
A related and somewhat more realistic approach is to coarse grain a particular macromolecule such that groups of atoms in one or more monomers constituting it are systematically mapped onto superatoms, thus reducing significantly the total number of degrees of freedom that need to be accounted for. If efficient strategies for quantifying the interaction between the superatoms can be devised, the process can probably be automated and more importantly, lead to very significant improvements in the time and length scales accessible to MD simulations performed with the coarse grained systems over those with all-atoms models. Examples of such attempts to coarse grain particular systems include those by Tschop et al. (1998) , Akkermans and Briels (2001) , Baschnagel et al. (2000) , Muller-Plathe (2002) and the works by Faller and co-workers, especially Sun and Faller (2005) . The coarse grained macromolecules are basically linear chains comprised of superatoms interacting through the derived force fields. Ensembles of such chains can then be used in MD simulations with a view to obtaining useful mechanical or other properties. The properties thus derived are essentially 'parameter-free', 'first principle' estimates.
Our objective in the present paper is to obtain the adhesive strength of a common commercial adhesive using such a 'parameterfree' procedure and compare with published experimental data. As a test case to this end, we have chosen the commonly used adhesive DGEBA with diamine as crosslinker. Properties of this adhesive system like its temperature dependent density, glass transition temperature and strength estimates from various adhesion tests are well known. For example, Fujii et al (1996) have conducted several experiments on a number of configurations of adherends to estimate the adhesive strength of this adhesive. These results therefore, give us an effective benchmark against which our estimates can be compared. The molecular structure of DGEBA and the diamine crosslinker is shown in Fig. 1(a) . The reaction between the DGEBA and the crosslinker takes place in the manner shown in Fig. 1(b) . It should be noted from Fig. 1(b) that at most four DGEBA molecules can be attached to a diamine during crosslinking. The steps to be adopted in this work to determine the adhesive energy are as follows. We will start with the DGEBA molecule and find its optimum structure. A coarse graining procedure similar to Tschop et al. (1998) is followed whereby each DGEBA molecule containing tens of atoms are reduced to an effective molecule having only 3 superatoms. The interactions between these superatoms are also characterized in the manner prescribed by Tschop et al. (1998) . The crosslinker atom is also trivially coarse grained into a single superatom. This is followed by a crosslinking simulation on the coarse grained DGEBA and crosslinker whence a crosslinked network of DGEBA is formed between two rigid adherends. The adherends connected by the crosslinked adhesive are then pulled apart till they separate and the energy of separation is computed. Relevant fracture mechanics estimates of the energy of separation are then compared with the energy obtained from the coarse grained MD.
The organisation of the paper follows the methodology outlined above. The next section explains the coarse graining procedure as applied to DGEBA. In Sec. 3 we discuss the crosslinking simulation and the samples generated. Results from pulling the networked sample apart and the review of fracture mechanics concepts are discussed in Sec. 4. The salient features of this work are summarized in Sec. 5.
Coarse graining of DGEBA
In Tschop et al. (1998) , as well as in McCoy and Curro (1998) and Akkermans and Briels (2001) , coarse graining was done on melts such as Bisphenol-A-Polycarbonate. We apply the same procedure as outline in Tschop et al. (1998) to DGEBA.
The basic requirement of the procedure is that both the all atom system as well as the coarse grained system should, under similar circumstances, yield the same average value for a given macroscopic quantity F. In other words, if 1 2 3 , , ,..... , , ,...
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, then we must have The optimum geometry of a DGEBA monomer with the masses and radii of the superatoms A and B shown. The atoms marked 1-14 are the ones that are needed to define the whole molecule given that the bond lengths and angles are unchanged.
We may choose bond lengths, bond angles and torsion angles as the atomic variables. We ascribe to all bond lengths and angles their mean values, as if they are fixed. Restricting ourselves to fourth nearest neighbour interactions, the remaining atomistic configuration variables are the torsion angles. It is possible to find the probability distributions of all the torsion angles in the DGEBA molecule. To this end, the DGEBA molecule is mapped onto three superatoms B, A and B as shown in Fig 4. Following Tschop et al. (1998) it is assumed that the coarse-grained potentials factorise i.e.
where, 
are obtained by relating the number density ψ to the real density ρ using the formula
The factor 3 in the denominator reflects the fact that there are 3 coarse grained superatoms in every DGEBA molecule. The quantity ( )
Crosslinking Strategy
In this work the diamine crosslinker is trivially coarse grained into one superatom capable of forming four bonds with four DGEBA monomer ends, i.e. the B superatoms in the coarse grained DGEBA molecule. Like Stevens (2001) , we start with a simulations box where all crosslinker superatoms have one of the four bonds connected to a coarse grained DGEBA monomer. Optimisation of all the atom structure of the DGEBA molecule with the crosslinker attached shows that the distance between the centres of superatom B and the crosslinker is about 0 8 A . A sample of coarse grained DGEBA molecules (with three superatoms) and DGEBA molecules attached to a crosslinker (molecules with four superatoms) are placed between two walls. The atoms making up the wall are 'frozen' in the sense that they do not interact with each other and are strongly tethered to their sites by stiff springs. While the non-bonded interaction between the A-A, A-B, B-B, A-crosslinker and B-crosslinker superatoms are governed by the same LJ parameters, the interaction energy w ∈ between all superatoms and the atoms comprising the wall is taken to be 3∈ . The parameter w ∈ governs the strength of the interface between the adhesive and adherend. By taking 3 w ∈ = ∈, a value arrived by trial and error, we have made adhesive failure along the interface relatively difficult. All samples are generated such that there are as many three superatom molecules as there are four superatom molecules to ensure that complete crosslinking can happen. The initial sample was first equilibrated under NVE control till the total energy becomes constant. This was followed by equilibration under NVT at 300 K and was followed by NPT equilibration at the same temperature and 1 bar pressure. After attaining the desired temperature and pressure, the crosslinking process was started and carried out under NPT control. In the crosslinking process a new bond was formed between the end of a coarse grained DGEBA molecule (superatom B) and the unoccupied bond of a crosslinker when the distance between a superatom B and a crosslinker bead was less than 0 8 A .
The energy of the system was calculated taking the bond energies of the new bonds formed. A typical crosslinked sample is shown in Fig. 7 where the small light coloured circles represent the crosslinker superatoms.
As crosslinking proceeds, the density of the system quickly attains a constant value of about 1.38 gm/cc, which is slightly above the experimentally measured density of crosslinked DGEBA. This discrepancy is a consequence of the value of ρ we have assumed while computing σ in eq. 4 which pertains to the uncrosslinked sample. The variation of the density actual ρ with time, for a typical crosslinking simulation is shown in Fig. 8 . 
Determination of the energy of adhesion
In the final part of the analyses, we attempt to determine the energy per unit surface area required to separate the crosslinked confined layer completely. To this end, the rigid layers at the top and bottom are pulled apart at a velocity of 
(a) (b)
A quantity χ was defined as the ratio of the number of crosslinker superatoms to the number of three superatom chains used.
Thus, this quantity is indicative of the degree of crosslinking in the sample. The stress strain response of samples (where strain at time t is simply defined as
− h being the height of the sample at time t) with varying χ are shown in Fig. 9 .
When 0 χ = , no crosslinking exists and the DGEBA molecules are unconnected. The stress carrying capacity of such a sample, as shown in Fig. 10 is very low, governed only by the non-bonded interactions between the DGEBA molecules. The stress strain response shows a maximum after which, the stress drops to zero, indicating quick and complete separation.
On the contrary, at high values of χ , the DGEBA monomers form networks through the crosslinkers. At high degrees of crosslinking continuous pathways spanning the thickness of the layer are established. The interconnectivity introduced by crosslinking, as also noted by Stevens (2001) , renders the layers stronger and more ductile. The overall stress carrying capacity also increases with χ . More importantly, as χ increases, the samples deform significantly before separating. Highly crosslinked samples also soften after reaching the maximum stress at the end of the elastic part of the stress strain curve. The samples harden thereafter but the amount of hardening is a function of χ . For 1 χ → , the softening and subsequent hardening response is quite like that of long chained entangled glassy polymers. The degree of crosslinking however, does not affect the elastic modulus which is about 1.37 GPa. this void spreads sideways to form the separating surfaces. On the contrary, owing to the increased cohesive strength by virtue of the crosslinks, in the sample with higher χ the voids appear at the interface with the walls rather than in the bulk. Failure happens due to the growth of these interfacial voids and when complete separation occurs, it does close to the interface. It is instructive at this stage to compare the energy of separation obtained from our MD computations with continuum fracture mechanics results. In the MD simulations, the energy per unit undeformed surface area required to cause complete separation is calculated as (9) where zz final Ε is the strain at failure. In this relation we have assumed equivalence between the volume average of the Cauchy stress and the virial stress defined in eq. 5 based on the whole volume of the system.
A linear elastic fracture mechanics (LEFM) plane strain solution to the debonding of an adhesively bonded butt joint with rigid adherends has been proposed by Reedy (2002) . In this analysis it is assumed that fracture ensues from a corner crack of initial length a at the interface and quickly causes separation at the interface when the energy release rate ς exceeds c ς . The stress intensity factor K in the case of a corner crack exhibits a singularity of the order 1 λ − where 0.7 λ . Thus the energy release rate is given by
In the above equation, β is a Dundur's parameter for a rigid-elastic interface, In view of the scatter in experimental estimates, our value of around 8 J/m 2 does not seem very unrealistic. Also important is the fact that the stress carrying capacity of the adhesive increases with crosslinking. The maximum stresses borne by the layer as an almost linear function of χ is also shown in Fig. 11 . Figure 11 . Variation of the adhesion energy W and the yield ∑ o with the degree of crosslinking χ. The at the bottom right indicates the separation energy for a butt joint obtained from a LEFM estimate for a fully cured DGEBA layer with a/h 0 = 0.1.
Summary and Conclusions
In this work, we have been able to predict, to the best of our knowledge for the first time, the work of separation of a commonly used commercial adhesive system starting merely from its chemical architecture and a simple description of the crosslinking process. This is an important step towards applying coarse grained MD simulation techniques to the design of polymeric adhesives for various applications.
The process starts with a coarse graining strategy wherein the detailed molecular architecture is simplified to conveniently chosen superatoms. The crux of the coarse graining process is in determining the interaction potentials, both bonded and nonbonded, between the superatoms. This is followed by a simulation of the crosslinking between the coarse grained molecules and the coarse grained crosslinkers. Finally, the crosslinked sample is pulled under tension to complete separation and the work of separation is determined from the area under the virial stress strain curve. The values of the work of separation per unit undeformed area fall within the degree of scatter seen in experimental results.
As a final word of caution we wish to point out that the success of such predictions depend to a large extent on the deformation rate dependence of the property being sought. As MD is performed at unrealistically high rates of deformation, rate dependent properties tend to be overestimated. For a few cases reported in this work we have also performed simulations at rates 10 times slower than what is described above. It is seen that for the material analysed W is somewhat weakly dependent on rate. Similarly, the effect of the size scale 0 h has also been studied and the results reported are almost invariant with 0 h chosen. It will be interesting to see if further coarsening of the superatoms is possible keeping the quality of the predictions intact.
